Introduction
============

Implantable titanium (Ti) medical devices, such as knee, hip, and dental implants, have been well developed and widely adopted to replace damaged joint tissues and missing teeth and to restore their functions. Although Ti and its alloys exhibit superior biocompatibility, surface modifications are required to improve osseointegration and to enhance the success rate of implants.[@b1-ijn-14-977] So far, most studies have focused on the establishment of coatings with favorable osteogenesis, angiogenesis, and antibacterial abilities.[@b2-ijn-14-977]--[@b4-ijn-14-977] However, inconsistent results between in vitro and in vivo studies have suggested that the capacities of the material mentioned above are insufficient for the mediation of osteogenesis.[@b5-ijn-14-977],[@b6-ijn-14-977] This can be attributed to the neglect of an initial inflammatory response to the implanted foreign body and osseointegration, which starts from an inflammation-driven process between the extraneous implants and the bone tissue.[@b7-ijn-14-977]

The immune and skeletal systems are closely related and share numerous cytokines, receptors, signaling molecules, and transcription factors.[@b8-ijn-14-977],[@b9-ijn-14-977] In innate immunity, macrophages are the center of the metabolism microenvironment, which includes bone defects and exogenous biological materials.[@b10-ijn-14-977]--[@b12-ijn-14-977] Therefore, a new generation of bone implant materials should include multifunctional implants with surfaces that not only are functionalized with osteogenesis and antibacterial properties but also coordinate immunomodulation. With an increased attention on the concept of osteoimmunomodulation, the interaction between implants and host immunity has been studied more thoroughly.[@b13-ijn-14-977]

Recent studies have shown that drugs such as non-steroidal anti-inflammatory drugs (NSAIDs), low-dose doxycycline, bisphosphonates (BPs), and ω-3 fatty acids (anti-inflammatory lipids) are effective in modulating host immune response.[@b14-ijn-14-977]--[@b17-ijn-14-977] However, some scholars have suggested that the long-term use of certain drugs, eg, BPs, has risks;[@b18-ijn-14-977] therefore, the safe and effective use of drugs for immune regulation is also the focus of the current research. Aspirin (ASA), a NSAID, has been widely used for a hundred years to relieve from fever, pain, and inflammation with very low toxic side effects.[@b19-ijn-14-977],[@b20-ijn-14-977] In recent years, increasingly more studies have found that ASA may affect the balance of bone metabolism and exhibit dose dependence.[@b21-ijn-14-977]--[@b24-ijn-14-977] In addition, ASA has been proved to enhance osteogenic differentiation and to exert an anti-inflammatory effect through certain biological pathways.[@b5-ijn-14-977],[@b14-ijn-14-977],[@b25-ijn-14-977],[@b26-ijn-14-977] Thus, ASA loading onto the surface of implants can endow the material surface with immunomodulatory properties. However, investigations into both the effective loading of ASA onto the surface of implants and the control of its release are lacking.

Until now, microspheres and layer-by-layer self-assembly techniques have been used to modify the surfaces of implants to control the burst release of target drugs to some extent.[@b27-ijn-14-977] At present, ASA-loaded chitosan nanoparticles (ACS) have been prepared and have proved to have a good sustained release effect;[@b28-ijn-14-977] however, few studies have reported the immobilization of these nanoparticles on the surfaces of Ti implants to regulate immunomodulation.

A novel phase-transited lysozyme (PTL) technique was used to form a proteinaceous coating on the surfaces of implants.[@b29-ijn-14-977] Under physiological conditions, lysozyme can form nanostructured amyloid fibers with a similar cross-β-sheet internal structure under the action of a reducing agent.[@b30-ijn-14-977] Those fibers can firmly and quickly attach onto various substrate surfaces regardless of the substrate type.[@b31-ijn-14-977] As this coating can be prepared efficiently with a controllable thickness, the PTL coating is a desirable surface priming method for advanced materials. The resulting PTL coating confers surfaces with positively charged groups, providing an active interface for further functionalization.[@b32-ijn-14-977] The PTL coating can directly bind Ca^2+^ ions via abundant carboxyl groups that nucleate and induce the formation of a hydroxyapatite layer on the implant surfaces, thus improving the osteoconductivity and osteoinductivity of implants.[@b33-ijn-14-977] Furthermore, the initial layer of PTL is able to connect polyelectrolyte multilayers (PEMs) loaded with antibacterial agents, osteogenic growth factors, cytokines, and/or other functional components to Ti surfaces, thereby preventing implant-associated infection and facilitating osseointegration in the early stage of implantation.[@b34-ijn-14-977],[@b35-ijn-14-977]

Accordingly, it was hypothesized that ASA-loaded multilayers could be fabricated on the surfaces of implants primed with PTL coating, which would confer relatively anti-inflammatory efficacy and attenuate host immune response on implants, ultimately promoting osteogenic property of the Ti surface. In this study, a PTL nanofilm was primed on the surface of pure Ti discs, providing a positively charged surface that lays the foundation for subsequent experiments. Then, PEMs, sodium hyaluronate (HA, negatively charged), and self-assembled type I collagen (COL I, positively charged) were successively coated on the PTL layer via electrostatic attractions. The self-assembled COL I not only acts as a dispersing agent for nanoparticles but also simulates the extracellular matrix of attached bone cells and promotes cell growth.[@b36-ijn-14-977]--[@b38-ijn-14-977] The test was performed to confirm the impact of our multifaceted coating on osteogenesis, followed by the evaluation of osteoimmunomodulatory properties.

Materials and methods
=====================

Specimen preparation
--------------------

The pure Ti discs (99.6% purity; Leiden Biomaterials Co., Shanghai, People's Republic of China) with a dimension of 14.75×2.0 mm (diameter × thickness) for biological experiments and pure Ti rods (99.6% purity) with a dimension of 2.0×2.0 mm were polished by SiC sandpaper to 8,000 grit; sequentially cleaned in acetone, ethanol, and deionized water; dried; and then sterilized in an autoclave at 120°C for 1 hour.

### Fabrication of PTL-primed Ti substrates

To functionalize the sample surfaces with a positive charge, the lysozyme phase transition solution prepared by a simple mixing of an equivolume solution of lysozyme (2 mg/mL, in 10 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\] buffer, pH =7.4) and tris(2-carboxyethyl) phosphine (TCEP; 50 mmol, in 10 mM of HEPES buffer, pH =6.0, adjusted the pH by 5 M NaOH) was placed dropwise on the polished Ti discs/rods mentioned above. After incubation for 50 minutes at room temperature, these Ti discs/rods were washed several times with ultrapure water to remove residual impurities and dried with nitrogen gas.

### Preparation of ACS and self-assembled collagen

In the first stage, chitosan was dissolved in 1% (v/v) aqueous acetic acid to obtain a 1 mg/mL chitosan solution. Various amounts of anhydrous ethanol-saturated solutions of ASA were individually added to the 25 mL acidic chitosan solution. Subsequently, 0.75 mg/mL aqueous tripolyphosphate (TPP) solution was added dropwise to the chitosan--ASA solution under vigorous magnetic stirring. The addition of TPP was stopped when the solution became pale blue in color; stirring was continued, and the reaction was maintained for 30 minutes. The final mixture was centrifuged at 1,500 r/min for 30 minutes. Finally, the ACS were washed repeatedly with distilled water and then placed in a refrigerator at 4°C for future use.

The method for extracting rat tail for this experiment was derived from a previous study.[@b39-ijn-14-977] The extracted collagen solution was centrifuged at 4°C and 3,000 r/min for 30 minutes, and the supernatant solution after centrifugation was transferred into a dialysis bag, which was then dialyzed in 0.02 M PBS for 5 days to complete the collagen self-assembly process. In addition, the prepared ACS were then added to the collagen solution to form a dispersion solution.

### Fabrication of multilayer coatings on the surfaces of PTL-primed Ti substrates

To uniformly deposit multilayer coatings on the surfaces of the PTL-activated Ti discs, the discs were dipped in each polyelectrolyte solution for 15 minutes. The substrate was sequentially treated with anionic HA solution (1 mg/mL in 0.14 M aqueous NaCl, pH =6.0) and then covered by the self-assembled collagen/ACS mixture. Each dip was followed by washing with 0.14 M NaCl for 5 minutes. Then, the samples were rinsed twice for 30 minutes in ultrapure water, air-dried, and sterilized using a 25 kGy dose of γ radiation (cobalt-60; Huanming Gaoke Fuzhao Co., Tianjin, People's Republic of China). Finally, these functionalized Ti discs were stored at 50%±5% relative humidity before follow-up experiments.

### Characterization

The nanoparticles were uniformly immersed in collagen solution and placed dropwise on copper grids (400 mesh size), dried at room temperature, and then examined using transmission electron microscopy (TEM; JEM-2100F; JEOL, Tokyo, Japan). The surface microstructure morphology of the pristine and decorated Ti discs was evaluated by field-emission scanning electron microscopy (SEM; Nova Nano SEM 430; FEI, Hillsboro, OR, USA) with a beam voltage of 15 kV. All the samples were sputter-coated with gold before the SEM observation. X-ray photoelectron spectroscopy (XPS; AXIS His; Kratos Analytical Ltd., Manchester, UK) was used to identify the chemical constituents of pristine and the modified Ti disc surfaces. The contact angle of each layer with simulated body fluid (SBF) was measured using a drop-shape analysis system (JC2000D1; Micaren, Fujian, People's Republic of China) at room temperature. The mean static contact angle of each Ti surface was determined from measurements taken in triplicate. Each Ti disc was measured in triplicate to calculate the mean values.

In vitro release of ASA from the prepared samples
-------------------------------------------------

To analyze the release profile of ASA, Ti discs (n=3) containing different concentrations of ACS (0.5, 1.0, 1.5, 3.0, and 5.0 mL) were immersed in deionized water in 24-well plates and incubated at 37°C and 5% CO~2~ under 100% humidity. At various time points (1, 2, 3, 4, 5, 6, and 7 days), the supernatant was collected, and 1 mL samples were removed and replaced with the same volume of fresh medium. The amount of ASA released into the supernatant was quantified using ultraviolet spectrophotometry (BioSpectrometer^®^; Eppendorf, Hamburg, Germany) at 280 nm (n=3). A standard curve was used to determine the release of ASA at different concentrations.

Proliferation and differentiation of BMSCs on different samples
---------------------------------------------------------------

The Ti samples (n=3) containing different concentrations of ACS (0, 1.0, 3.0, and 5.0 mL), pure Ti samples, and Ti-PTL-HA-COL samples were preplaced in a 24-well plate. Then, 8×10^3^ BMSCs, which were purchased from Cyagen Biosciences (Guangzhou, People's Republic of China), in 1,000 µL complete growth medium (DMEM with 10% fetal bovine serum \[FBS\], 100 mg/mL streptomycin, and 100 U/mL penicillin; Invitrogen, Carlsbad, CA, USA) were seeded onto the 24-well plate, which was maintained in a 5% CO~2~ incubator at 37°C.

Cell proliferation of each sample was measured using a Cell Counting Kit-8 (CCK-8) assay (Solarbio, Beijing, People's Republic of China). To determine the cell proliferation of different concentrations of ACS on Ti samples, 900 µL of fresh medium was added to each well to replace the original culture medium that was washed with PBS; 90 µL of the CCK-8 solution was added to each well at various culturing intervals (1, 3, and 5 days). The plates were then incubated in the 5% CO~2~ incubator at 37°C for 2 hours. Subsequently, the samples of the supernatant solutions were transferred into a 96-well plate, and the absorbance of each sample was measured at 450 nm using a microplate reader (RT-6000; Rayto, Shenzhen, People's Republic of China).

To study the differentiation of the BMSCs incubated with different samples, ALP experiments were performed at various time points using ALP assay kits (NJJ CBIO, Nanjing, People's Republic of China). BMSCs seeded onto different samples were cultured in a fresh medium. After chemical cracking and dilution, aliquots of cell lysates were collected to assess the ALP activity after 7 and 14 days of culture. For normalization, the total protein concentration was measured using a bicinchoninic acid protein assay kit (Solarbio).

Anti-inflammatory activity of RAW264.7 cells on different surfaces
------------------------------------------------------------------

RAW264.7 cells purchased from Cyagen Biosciences were cultured in DMEM (Invitrogen) with 10% FBS (Equitech-Bio, Kerrville, TX, USA). The cells were seeded onto 24-well plates at 1×10^4^ cells/well. When the cells were 70%--80% confluent, they were replaced with a medium containing 100 ng/mL lipopolysaccharides (LPS) for 6 hours. In addition, the induced macrophages were then digested and routinely cultured in a fresh complete growth medium without LPS. Following incubation for 24 hours, the concentrations of inflammatory protein markers, tumor necrosis factor-α (TNF-α) and nitrite (NaNO~2~), were determined using ELISA kits (R&D Systems, MN, US), according to the manufacturer's instructions to verify the success of induction.

Then, the cells were seeded onto the prepared Ti discs (blank Ti discs as the blank group and discs containing ASA-loaded nanoparticles \[3.0 mL ASA was added in the preparation of ACS\] as the ASA group) in 24-well plates at 1×10^4^ cells/well. The concentrations of inflammatory protein marker (NaNO~2~) were determined using ELISA kits, and the quantitative PCR (qPCR) analysis was used to detect the mRNA expression of inflammation-related genes (TNF-α and interleukin \[IL\]-6). Total RNA of the RAW264.7 cells was isolated for 12 hours using the RNAiso Plus system (TaKaRa, Dalian, Japan), and total mRNA was isolated using the TRIzol reagent (Invitrogen) and converted into cDNA using a Revert Aid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). qPCR was carried out using SYBR Green (Roche, Basel, Switzerland) on an ABI 7500 RT-PCR instrument (Applied Biosystems; Thermo Fisher Scientific); [Table 1](#t1-ijn-14-977){ref-type="table"} lists the primers used.

Behavior of BMSCs on different surfaces in conditioned medium (CM)
------------------------------------------------------------------

### Collection and preparation of CM

To prepare the CM for RAW264.7 cells, they were seeded onto the prepared different Ti samples (blank Ti discs as the blank group and discs containing ASA-loaded nanoparticles \[3.0 mL ASA was added in the preparation of ACS\] as the ASA group) in 24-well plates at 1×10^4^ cells/well and cultured for 1--14 days. The culture supernatant was collected and stored at 4°C, and it was diluted 1:1 in DMEM containing 5% FBS before use and denoted as either the blank group or the ASA group. For CM2, the RAW264.7 cells were cultured in a conventional medium, and the culture supernatant was collected as mentioned above.

### Adhesion and migration of BMSCs mediated by different CM in Transwell^®^ systems

To observe the morphology of BMSCs, after 12 and 48 hours of culture in CM, the samples were washed with PBS and fixed in 4% paraformaldehyde for 30 minutes at room temperature, and then, they were washed five times with PBS. After being blocked with a bovine serum albumin for 1 hour, the samples were washed three more times with PBS and stained with fluorescein isothiocyanate (FITC)--phalloidin. The F-actin and cell nuclei were viewed by confocal laser scanning microscopy (Leica SP8; Leica Microsystems, Wetzlar, Germany).

BMSCs at P4 were seeded in the upper chamber of 24-well Transwell^®^ plates (1×10^4^ cells/chamber, 8.0 µm pore size) and cultured in a standard medium. Then, 0.8 mL aliquots of the different CM of the blank group and those of the ASA group were added in the lower chamber of the 24-well plates and cultured for 12 or 24 hours to facilitate cell migration through the Transwell^®^ membrane. A sterile swab was applied to gently remove the residual BMSCs in the upper chamber, and the cell number of each sample was measured using the CCK-8 kit.

### Osteogenic differentiation of BMSCs on different Ti surfaces in CM2

BMSCs were seeded on different Ti samples (blank Ti discs as the blank group and discs containing ASA-loaded nanoparticles \[3.0 mL ASA was added in the preparation of ACS\] as the ASA group) in CM2 before they were collected for follow-up experiments. qPCR analysis was used to detect the mRNA expression of osteogenic genes such as COL I, osteocalcin (OCN), ALP, and runt-related transcription factor 2 (RUNX2). Total RNA of the BMSCs was isolated after 7 or 14 days as mentioned above, and [Table 1](#t1-ijn-14-977){ref-type="table"} lists the primers used.

In vivo implantation and histological analysis
----------------------------------------------

A total of 24 male Sprague Dawley rats (8-week-old; specific pathogen-free) were obtained from the Lab Animal Center of the Tianjin Medical University. The investigation conformed to the regulations of the experimental animal administration issued by the Ministry of Science and Technology of China (<http://www.most.gov.cn>), and the protocol was evaluated and accepted by the Institutional Ethics Committee of the Tianjin Medical University before the animal experiments began.

A femoral defect model (2.0 mm in diameter) was established, and all 24 rats were randomly divided into two groups: 1) the blank group (pure Ti rod) and 2) the ASA group (Ti rod loaded with 3.0 mL ASA in the preparation of ACS). All the rats were given pentobarbital sodium (10 mg/100 g body weight; Sigma Aldrich, St Louis, MO, USA) via intraperitoneal injection as general anesthesia and lidocaine for local anesthesia. The right hind limbs of the rats were shaved, and the skin and muscle tissues were then incised. The midshafts of the femora were exposed after a 1.5-cm incision was made through the skin and muscles from the inner side of the distal femur while avoiding any entrance of the articular cavity of the knee. After the exposure of the femur, a 2-mm drill driven by a motorized dental drill (Φ=2 mm), which was cooled by the serial addition of normal saline, and the prepared Ti rods with a dimension of 2.0×2.0 mm (the blank group and the ASA group) were gently screwed in. A 5--0 suture line was used to suture the muscles and skin.

### Morphological observation and analysis of bone healing around the implants

At 3, 7, and 28 days after implantation, the rats were sacrificed, and the femurs with implants were obtained. After fixation in 4% paraformaldehyde, the samples were fractionally dehydrated in ethanol and embedded in methyl meth-acrylate resin (Technovit 7200 VLC; Exakt Apparatebau, Norderstedt, Germany). Starting from the major axis, blocks were cut and ground to a final thickness of \~50 µm using a cutting--grinding unit (Exakt Apparatebau). The sections were subjected to Van Gieson (VG) staining, and histological images were captured on a Zeiss Microscope (Zeiss Axio Imager M2; Carl Zeiss, Oberkochen, Germany). In each section, the mean value of new bone volume fraction (\[bone area/pore area\] ×100%) was calculated for each sample and statistically compared between the groups. Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA) was used for image analysis.

### Observation and analysis of inflammatory cell infiltration around the implants

At 3 and 7 days after implantation, the rats were sacrificed, and the femurs with implants were obtained. After fixation in 4% paraformaldehyde, the femurs were decalcified in 10% EDTA solution (Sigma Aldrich) for 45 days, during which the decalcification solution was replaced every 2 days. Then, the samples were dehydrated in ethanol and embedded in paraffin. A cutting unit (Leica Microsystems) was used to obtain 10-µm sections. Some of the sections were stained with HE, and others were processed for mouse anti-rat CD68^+^ primary antibody. The extent of inflammatory cell infiltration and the proportion of CD68^+^ cells were analyzed using Image-Pro Plus software.

Statistical analysis
--------------------

Experiments were carried out in triplicate. All data are expressed as the mean ± SD for continuous variables. Significant differences were identified using the ANOVA followed by the Student--Newman--Keuls post hoc test for parametric data and the Kruskal--Wallis test followed by Dunn's multiple comparison test for nonparametric data. Differences were considered statistically significant when *P*≤0.01.

Results and discussion
======================

Establishing ASA-loaded multilayers on Ti discs
-----------------------------------------------

PEMs containing ACS were fabricated on PTL-primed Ti discs using an electrostatic interactions technology, and the self-assembled COL I and HA were modified first ([Figure 1](#f1-ijn-14-977){ref-type="fig"}).

The SEM images shown in [Figure 2B](#f2-ijn-14-977){ref-type="fig"} illustrate the morphology of a pure Ti disc, a Ti-PTL disc, a Ti-PTL-HA disc, and a Ti-PTL-HA-(COL-ACS) disc. Under physiological conditions, lysozyme can form nanostructured amyloid fibers with a similar cross-β-sheet internal structure under the action of a reducing agent depending on solution pH and lysozyme and TCEP concentrations.[@b40-ijn-14-977] The thickness of the formed amyloid-like nanofilm can precisely be regulated and can stably be immobilized on various substrates regardless of the material type and morphology.[@b29-ijn-14-977] The resulting PTL nanofilm not only confers positive charges but also moderates hydrophilicity to the material substrate; it also enhances the corrosion resistance of the material surface and contains polar and nonpolar group, and it is thus expected to provide an abundance of active sites for further chemical modification.[@b29-ijn-14-977],[@b32-ijn-14-977] In fact, the PTL self-assembles into an amyloid-like product, which exists in two forms in the system: a micro-nano-necklace-like network structure and a nanofilm in both gas--liquid interfaces and solid--liquid interfaces.[@b41-ijn-14-977] One of the protein-assembled oligomers had a diameter of 0.5--1 µm and formed a necklace-like microfiber network attached to the surface; another form of PTL is a macroscopic two-dimensional nanofilm stably fixed to the sample. Therefore, under the combination of hydrogen bonding and electrostatic interaction, PTL nanofilm can stably adhere to the Ti surface. In this study, an in situ growth method was used to prepare the PTL nanofilms; that is, the surface modification was carried out to lay the foundation for subsequent reactions.

XPS was used to determine the chemical compositions of the different surfaces of the samples, as shown in [Figure 2D](#f2-ijn-14-977){ref-type="fig"}. All binding energies were referenced to the C 1s spectrum peak (284.8 eV) as an internal reference after calibrating peak positions. The spectrum of pure Ti showed that the main components included C 1s, Ti 2p3 (458.64 eV), O 1s (530 eV), and N 1s (402 eV). The rise of S2p (165 eV) and P2p (133 eV) peaks, derived from (TCEP), and the significantly lower peak of Ti 2p3 indicates successful immobilization of PTL to the Ti substrate. The fall of the S2p, P2p peaks and the rise of the N 1s (398.65 eV) peak, originating from the HA, indicated that HA was successfully immobilized on the PTL-primed samples. The significant rise of the C 1s (284.8 eV) peak illustrates that ASA-nanoparticle/assemble collagen was successfully deposited on the sample. [Table 2](#t2-ijn-14-977){ref-type="table"} shows the elemental composition of different samples, as determined by XPS.

It has been reported that the positive surface potential and moderate hydrophilicity (contact angle =40°--60°) of the modified substrates can improve cell spreading, adhesion, and polarity.[@b42-ijn-14-977],[@b43-ijn-14-977] In this study, the static contact angle measurements using SBF indicated that the modified Ti discs were more hydrophilic than pure Ti discs ([Figure 2C](#f2-ijn-14-977){ref-type="fig"}). The contact angle on the different stages of the multilayers decreased sharply from 94.9°±1.5° to 38.4°±1.3°. Previous studies have demonstrated that hydrophilic surfaces inhibit the adhesion and survival of monocytes, influence the secretion of inflammatory factors to some extent, and improve the osteogenic differentiation of osteoblasts and bone marrow mesenchymal stem cells in vitro and in vivo.[@b44-ijn-14-977],[@b45-ijn-14-977]

In previous studies, NSAIDs affected osteoblast proliferation and osteoclast differentiation and may have adverse effects on bone formation.[@b46-ijn-14-977]--[@b49-ijn-14-977] Therefore, controlling the dose of ASA is the key to application. Compared with other sustained-release drug delivery systems, chitosan nanoparticles have been widely studied for more than a decade.[@b50-ijn-14-977]--[@b52-ijn-14-977] In this study, an emulsion cross-linking method was used to prepare chitosan nanoparticles containing ASA. Although a burst release was observed for ASA on the first day and gradually stabilized after 7 days, which indicated that the ACS performed well in controlling the release of the drug ([Figure 3A](#f3-ijn-14-977){ref-type="fig"}), the calibration curves of the absorbance of ASA at 280 nm showed an R^2^=0.997, and the relatively large amounts of ASA were released into the deionized water. The amount of ASA released at the different intervals (1--7 days) is in the order of 5.0 mL ASA \>3.0 mL ASA \>1.5 mL ASA \>1.0 mL ASA \>0.5 mL ASA.

Chitosan is a weakly basic natural polysaccharide with cations that can form polyelectrolyte complexes via the anion from TPP and the amino group of chitosan.[@b53-ijn-14-977]--[@b55-ijn-14-977] The conditions of ACS preparation (concentrations of chitosan and TPP, the ratio of the two, the pH of the reaction, and the stirring speed) were determined in our previous study.[@b56-ijn-14-977] The TEM images showed that the ACS were spherical in shape with smooth surfaces and were \~100 nm in size ([Figure 2A(b)](#f2-ijn-14-977){ref-type="fig"}).

COL I is the most abundant collagen in the body and plays an important role in bone formation. The R-G-D sequence present in the collagen peptide chain can bind to the bone cell surface, inducing cell attachment and promoting the production of specific signals.[@b57-ijn-14-977] Collagen has excellent biocompatibility and low antigenicity and can promote cell growth and differentiation.[@b36-ijn-14-977],[@b37-ijn-14-977] Therefore, collagen-coated materials can provide a matrix for bone mineralization, promote cell growth, and direct differentiation.[@b58-ijn-14-977],[@b59-ijn-14-977] The characteristic transverse striations of collagen fibers can be seen under the microscope, indicating that the collagen membrane has completed the self-assembly process ([Figure 2A(a)](#f2-ijn-14-977){ref-type="fig"}). Moreover, the self-assembled COL I that we prepared also serves as a dispersant for ASA nanoparticles. The field-emission SEM image in [Figure 2B](#f2-ijn-14-977){ref-type="fig"} shows that the multilayers of HA and COL I loaded with ACS covered the PTL-primed Ti samples.

Behavior of BMSCs on multilayers loaded with ASA
------------------------------------------------

Cell proliferation is a basic feature of cell life, and its activity can be used to directly assess the cytotoxicity of materials.[@b60-ijn-14-977] The results of the CCK-8 test showed that, in the process of drug-loaded nanoparticles preparation, the amount of ASA added (\<5.0 mL) can promote cell proliferation ([Figure 3B](#f3-ijn-14-977){ref-type="fig"}), indicating that the effect of ASA on cell proliferation is concentration-dependent. For the lower concentration range, when the amount of ASA added is 1.0--3.0 mL, the promotion effect on cell proliferation is more obvious.

The ALP kit was used to reflect the osteogenic activity of BMSCs and to evaluate the state of bone metabolism. In the detection of ALP proteins in the cells, the concentration of ASA at the lower concentrations was higher than that in the 5.0 mL concentrations group ([Figure 3C](#f3-ijn-14-977){ref-type="fig"}), indicating that the lower ASA concentration group can promote the ALP protein activity of BMSCs. Based on the CCK-8 and ALP activity results above, 3.0 mL of ACS was used in subsequent experiments.

Synergetic effects of the multifaceted Ti on anti-inflammatory activity
-----------------------------------------------------------------------

In recent years, biological material design paradigms have gradually progressed to include favorable immunomodulatory effects, and materials following this paradigm are expected to regulate the local immune environment and facilitate the interaction between implant and host.[@b61-ijn-14-977]--[@b63-ijn-14-977] Macrophages with plasticity are the bridges linking host immunity and implant in the bone metabolism microenvironment; therefore, they have received the most attention among all the immune cells.[@b64-ijn-14-977],[@b65-ijn-14-977] At present, the in vitro inflammation model of cells often consists of macrophages using proinflammatory factors such as LPS, TNF-α, and IL-1β.[@b66-ijn-14-977]--[@b68-ijn-14-977] LPS acts on toll-like receptors through the LPS--LPS binding protein--sCD14 triple complex to produce inflammatory signals and further activates a series of signal cascades inside/outside the cell, which ultimately causes inflammatory bone loss.[@b69-ijn-14-977],[@b70-ijn-14-977]

Sterile dental implants tend to have mild or moderate inflammatory responses to trauma during implant surgery. Therefore, to mimic the in vitro inflammatory response, in this study, LPS was used to activate the macrophages and was then removed and replaced with a conventional culture medium. The results of this experiment ([Figure 4A(a--b)](#f4-ijn-14-977){ref-type="fig"}) showed that the level of inflammatory protein markers (NaNO~2~ and TNF-α) of macrophages in the LPS-induced group was significantly increased compared with that of the group without LPS induction. The result revealed that a macrophage inflammation model was successfully established. Thus, the LPS-mediated inflammation model was used for the detection of materials containing ASA. In this study, under the action of multifaceted coating Ti discs loaded with ASA, the gene expression levels of inflammatory cytokines (IL-6 and TNF-α) and the level of inflammatory protein marker (NaNO~2~) induced by LPS were lower after 12 hours than those of the blank group without ASA ([Figure 4B(a--c)](#f4-ijn-14-977){ref-type="fig"}).

The result indicated that the Ti discs loaded with ASA have immunoregulatory properties for early acute inflammatory reactions. In previous studies, NSAIDs were proven to reduce inflammation, which is in agreement with our results.[@b21-ijn-14-977],[@b71-ijn-14-977]--[@b77-ijn-14-977]

BMSCs cultured in different CM of macrophages
---------------------------------------------

With the proposed concept of "osteoimmunomodulation," researchers have increasingly emphasized the importance of manipulating immune cells to generate a favorable osteoimmune environment for improving the osseointegration of implants.[@b78-ijn-14-977] To investigate the effect of osteoimmunomodulation on osteogenesis in vitro, the CM of macrophages was collected and applied to BMSCs.

### Migration and adhesion of BMSCs cultured in CM

Most of the previous methods for measuring the biocompatibility of biomaterials in vitro did not precisely simulate the environment of the material in vivo and often ignored the effects of host immunity. In the present study, the CM of macrophages was collected, and the environment of the material after being implanted into the body was replicated as much as possible. The ideal artificial bone replacement material not only has good physical and chemical properties, basic biocompatibility, bone conduction performance, and induction performance, but also the basic conditions of an excellent biological material. It can not only provide support for new bone to grow on the surface of a material but also induce the differentiation of pluripotent stem cells into osteoblasts around the implants.

Cell adhesion was assayed by staining with FITC--phalloidin to visualize the F-actin (green) and the nuclei (blue), as shown in [Figure 5A](#f5-ijn-14-977){ref-type="fig"}. After 12 hours of culture, F-actin extended to a larger polygonal morphology on the surface of Ti containing ASA, while spindle cells were observed on the surface of blank Ti. After 48 hours of culture, pseudopods extended on the surface of blank Ti were significantly shorter than the pseudopods on the surface of prepared Ti, although there was no significant difference in the number of adherent cells in the blank surface.

In the present study, the Transwell coculture model of macrophages was used in the CM of different prepared Ti samples to study the effect of macrophage secretion products on the migration of BMSCs. The CCK-8 result shown in [Figure 5B](#f5-ijn-14-977){ref-type="fig"} indicates that the number of ASA group was higher than that of the blank group, indicating that multilayering implant-loaded ASA can promote the migration and proliferation of BMSCs.

The homing and osteogenic differentiation of BMSCs determine the speed and efficiency of bone formation and mineralization around the implant and ultimately determine the success of the implant.[@b79-ijn-14-977] The surface property of the implants plays an important role in the adhesion, growth, and differentiation of the cells around it.[@b80-ijn-14-977] The good migration performance of BMSCs in this study can be attributed to the multilayers containing collagen.[@b81-ijn-14-977] In addition, the acute inflammatory reaction induced by the implantation of surgical wounds and the foreign body reaction caused by an implant material can usually regulate the homing and differentiation of BMSCs through the primary immune regulation from ASA.[@b82-ijn-14-977] Therefore, the combination of COL I and ACS coating on implantable Ti discs can improve the migration of BMSC.

### Osteogenic differentiation of BMSCs cultured in CM

Osseointegration is an intricate process of collaboration of multiple cells from different systems.[@b83-ijn-14-977] Interdisciplinary osteoimmunology describes the vital role of immune cells in osteogenesis, and the early immune environment determines the outcome of osseointegration.[@b84-ijn-14-977] To promote early healing of the implant and to improve the effect of osseointegration, the promotion of osteoblast activity and the suppression of osteoclast activity are necessary. The expression of related osteogenic genes (COLI, OCN, ALP, and RUNX2) in BMSCs was upregulated in cells grown in CM collected from macrophages cultured on different Ti discs with or without ASA ([Figure 5C](#f5-ijn-14-977){ref-type="fig"}). In the RUNX2 gene expression test, although there is no significant difference in the statistical calculation, the trend can be seen. In brief, these results indicate that the implant containing ASA has surface properties that promote BMSC migration, proliferation, as well as osteogenic differentiation and lead to improved osteogenesis of implants which contributes to osseointegration.

In vivo implantation and histological analysis
----------------------------------------------

### Histological analysis of inflammation and macrophage distribution

After a biomaterial is implanted, it is recognized as a foreign body, and the initial adsorption with blood and protein causes acute inflammation.[@b85-ijn-14-977] Macrophages play an important role in the inflammatory response and lead to inflammation and bone healing.[@b86-ijn-14-977],[@b87-ijn-14-977] Hence, we hypothesized that differences in inflammatory cell infiltration and distribution around the implants are responsible for different osteogenic behaviors observed around the different implanted biomaterials. To test this hypothesis, we observed early inflammatory cell infiltration around the implant using H&E staining and immunofluorescent staining for CD68^+^ cells. As shown in [Figure 6](#f6-ijn-14-977){ref-type="fig"}, the Blank and ASA groups exhibited a similar inflammatory response at 3 days. There are inflammatory cells, and multinucleated giant cells are scattered in tissues adjacent to the surfaces of the implants.

To clarify the relationship between inflammation and implant material, CD68^+^ macrophages were immunofluorescently labelled within the region of the implanted Ti rods. Although the Blank and ASA groups exhibited similar inflammatory responses after 3 days, as shown by the H&E staining, the ASA implants had a smaller macrophage distribution and proportion than the implants in the Blank group ([Figure 7A](#f7-ijn-14-977){ref-type="fig"}). In addition, the implants in the ASA group significantly inhibited inflammatory cell infiltration after 7 days ([Figure 7B](#f7-ijn-14-977){ref-type="fig"}). This difference is more pronounced 7 days after implantation, indicating that the implants loaded with ASA have an anti-inflammatory effect.

### Histological analysis of bone formation

To observe in vivo osseointegration of the prepared Ti implants, the bone implant interface was observed on H&E-stained sections and VG-stained sections of explanted samples ([Figure 8](#f8-ijn-14-977){ref-type="fig"}). At 28 days after implantation ([Figure 6](#f6-ijn-14-977){ref-type="fig"}), short and cubic preosteoblasts arranged around the trabecular bone were well formed around the ASA-loaded implants; at the same time, newly formed small blood vessels are scattered in the trabecular bone. Osteogenesis and angiogenesis are intricately coordinated during bone formation.[@b88-ijn-14-977] The ASA group has a higher new bone volume fraction than that on the implants of the blank group, which has no mature bone, and new bone matrix was observed around the implants, as shown in [Figure 7B](#f7-ijn-14-977){ref-type="fig"}. The implants loaded with ASA demonstrated a greater bone-induction effect than those in the Blank group, with the same distance from the implant surface as a baseline at all time points.

Implants enter the body as an exogenous substance and cause acute inflammatory reaction, and they are surrounded by infiltrating inflammatory cells. However, \~7 days after implantation, inflammation has different outcomes in different material environments. The inflammatory response to the implants loaded with ASA is lower than that to those in the Blank group, which also corresponds to the difference in the volume of bone formed around the implants. Overall, our results provide evidence that there is a key biological difference between the in vivo osteoimmunomodulatory response of biomaterials and in vitro experimental conditions.

When biomaterials are implanted in vivo as a foreign body, the process of osseointegration often comprises three stages. In the first stage, tissue adjacent to the biomaterial is affected by the physicochemical properties of the surface of the implant, triggering a host immune response.[@b61-ijn-14-977] The surfaces of the implants loaded with ASA can downregulate the expression of inflammatory cytokines, eliciting favorable osteoimmunomodulation, which lays the foundation for subsequent reactions and guides tissue healing. In the second stage, blood vessels begin to form on the surface of the implant, and BMSCs are also recruited to the surface and accrue around the newly formed vasculature; subsequently, differentiated osteoblasts participate in the dynamic balance of the bone microenvironment.[@b3-ijn-14-977] In this study, the implants loaded with ASA were shown to enhance BMSC adhesion and proliferation and promote osteogenic differentiation both in vitro and in vivo. Over time, collagen fibers secreted by the cells accumulate around the implants, and the loosely organized woven bone gradually remodels to an organized lamellar structure, ultimately completing the process of osseointegration.[@b89-ijn-14-977]

Conclusion
==========

The present study demonstrated the feasibility of loading ACS into HA/COL PEMs on Ti surfaces primed with PTL. The PTL technology has advantages of simple design, low cost, high safety, and easy accessibility; thus, it can be used as an effective method to activate the surfaces of implants and lay the foundation for the subsequent introduction of ASA. The in vitro and in vivo results suggest that the ASA-loaded Ti surface has good performance in osteoimmunomodulation and can further improve osteogenesis, thus potentially providing a superior strategy for the surface modulation of biomedical implants.
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![Flow diagram of the experimental procedure.\
**Abbreviations:** ACS, ASA-loaded chitosan nanoparticles; ASA, aspirin; BMSCs, bone marrow stromal cells; CM, conditioned medium; COL, collagen; HA, sodium hyaluronate; LPS, lipopolysaccharides; PTL, phase-transited lysozyme; qPCR, quantitative PCR; SEM, scanning electron microscopy; TEM, transmission electron microscopy; Ti, titanium; VG, Van Gieson; XPS, X-ray photoelectron spectroscopy.](ijn-14-977Fig1){#f1-ijn-14-977}

![Surface characteristics.\
**Notes:** (**A**) TEM characterization of (a) self-assembled COL I, (b) ACS dispersed in collagen solution; the black arrow indicates the ACS, and the white arrow indicate collagen fibrils. (**B**) FE-SEM surface morphologies of (a) pure Ti, (b) Ti-PTL, (c) Ti-PTL-HA, (d) Ti-PTL-HA-(COL/ACS). (**C**) Contact angle of SBF on the surface of the tested samples (n=3). \**P*\<0.05, compared with pure Ti. (**D**) XPS wide-scan spectra of samples after having been immersed in deionized water for 7 days.\
**Abbreviations:** ACS, aspirin-loaded chitosan nanoparticles; COL I, type I collagen; FE-SEM, field-emission scanning electron microscopy; HA, sodium hyaluronate; PTL, phase-transited lysozyme; SBF, simulated body fluid; TEM, transmission electron microscopy; Ti, titanium; XPS, X-ray photoelectron spectroscopy.](ijn-14-977Fig2){#f2-ijn-14-977}

![(**A**) Release curve of different volumes of ASA in the preparation process from multilayers at 1, 2, 3, 4, 5, 6, and 7 days (n=3). (**B**) CCK-8 results of BMSCs after culturing for 1, 3, and 5 days on the different surfaces of Ti discs (n=3). (**C**) ALP activities of BMSCs cultured for 7 and 14 days on different surfaces of Ti discs (n=3).\
**Notes:** \*denotes the significant difference between Ti and other groups; ^\#^denotes the significant difference between different Ti and other groups; &denotes the significant difference between different ASA microspheres: \*^,\ \#,\ &^ (*P*\<0.05); ^&&^ (*P*\<0.01).\
**Abbreviations:** ASA, aspirin; BMSCs, bone marrow stromal cells; CCK-8, Cell Counting Kit-8; COL, collagen; Ti, titanium.](ijn-14-977Fig3){#f3-ijn-14-977}

![Verifying the success of LPS induction by ELISA and the effect of specimen-conditioned medium of RAW264.7 cells on proinflammatory cytokine expression on Ti surfaces as detected by ELISA and qPCR.\
**Notes:** (**A**) (a) NaNO~2~ content, (b) TNF-α content; (**B**) (a) NaNO~2~ content, (b) TNF-α gene, and (c) IL-6 gene. (\**P*\<0.05, n=3).\
**Abbreviations:** ASA, aspirin; IL-6, interleukin-6; LPS, lipopolysaccharides; NaNO~2~, nitrite; qPCR, quantitative PCR; TNF-α, tumor necrosis factor-α.](ijn-14-977Fig4){#f4-ijn-14-977}

![Adhesion, proliferation, migration, and osteogenic differentiation of BMSCs in conditioned medium.\
**Notes:** (**A**) Adhesion of BMSCs on different Ti surfaces; (**B**) migration of BMSCs on Ti surfaces in Transwell: greater BMSC migration was observed on the ASA-loaded Ti surface than on the blank surface; (**C**) effects of the conditioned medium of RAW264.7 cells on osteogenic-related gene expression of BMSCs after culturing for 7 and 14 days, as detected by qPCR: (a) COL I gene, (b) OCN gene, (c) ALP gene, and (d) RUNX2 gene. \**P*\<0.05, n=3.\
**Abbreviations:** ASA, aspirin; BMSCs, bone marrow stromal cells; COL I, type I collagen; OCN, osteocalcin; qPCR, quantitative PCR; RUNX2, runt-related transcription factor 2; Ti, titanium.](ijn-14-977Fig5){#f5-ijn-14-977}

![Histological analysis of bone formation in vivo.\
**Notes:** Three days after implantation: the small, deeply stained cells adjacent to the surface of the implants were inflammatory cells infiltrating the tissues. In addition, multinucleated giant cells were scattered in the tissues. There was little difference between the two groups. Seven days after implantation: the inflammatory cells infiltrating the implant surface were significantly more numerous in the blank group than in the ASA group, and bone matrix began to appear in the ASA group. Twenty-eight days after implantation: short, cubic preosteoblasts arranged around the trabecular bone were well formed around the ASA-loaded implants; at the same time, newly formed, small blood vessels were scattered in the trabecular bone at the ASA-loaded surface.\
**Abbreviation:** ASA, aspirin.](ijn-14-977Fig6){#f6-ijn-14-977}

![VG staining: representative undecalcified histological images of new bone formation around and within the implants detected by VG staining.\
**Notes:** (**A**) The bone tissue is stained red, and the fibrous tissue is stained yellow and white. (**B**) Histomorphometric measurement of bone volume fraction within the implants showed that the ASA group has the highest amount of new bone ingrowth, which is higher than that in the blank group (\**P*\<0.05, n=3).\
**Abbreviations:** ASA, aspirin; BV/TV, the new bone volume fraction; VG staining, Van Gieson staining.](ijn-14-977Fig7){#f7-ijn-14-977}

![Immunofluorescence staining for CD68^+^ cells.\
**Notes:** A brownish yellow color indicates positive macrophage infiltration. (**A**) The numbers of inflammatory cells around the surfaces of two groups did not differ significantly on the 3rd day. On the 7th day, fewer inflammatory cells were observed on the surfaces of the ASA group than on the surfaces of the blank group. (**B**) The ASA group elicited a lower proportion (%) of CD68^+^ macrophages than the blank group. \**P*\<0.05, n=3.\
**Abbreviation:** ASA, aspirin.](ijn-14-977Fig8){#f8-ijn-14-977}

###### 

Primers used for real-time PCR

          Forward primer sequence (5′--3′)   Reverse primer sequence (5′--3′)
  ------- ---------------------------------- ----------------------------------
  IL-6    CATGTTCTCTGGGAAATCGTGG             TCCAGGTAGCTATGGTACTCC
  TNF-α   ACTGAACTTCGGGGTGATCG               TGTCTTTGAGATCCATGCCGT
  COL-I   GCAGACTGGCAACCTCAAGA               CAGGGCCAATGTCTAGTCCG
  OCN     TAGTGAACAGACTCCGGCGCTA             TGTAGGCGGTCTTCAAGCCAT
  ALP     TGGACGGTGAACGGGAAAAT               GGAGGCATACGCCATCACAT
  RUNX2   CGGACGAGGCAAGAGTTTCA               GGATGAGGAATGCGCCCTAA

**Abbreviations:** COL I, type I collagen; IL-6, interleukin-6; OCN, osteocalcin; RUNX2, runt-related transcription factor 2; TNF-α, tumor necrosis factor-α.

###### 

Elemental composition at the surface of various Ti discs with different treatments as determined by XPS

                        C%           N%           O%           Na%         P%          S%          Cl%         Ti%
  --------------------- ------------ ------------ ------------ ----------- ----------- ----------- ----------- -----------
  Pure Ti               50.41±0.01   21.83±0.02   35.64±0.01   0.36±0.03   0           0.19±0.02   0.18±0.01   6.74±0.01
  Ti-PTL                56.06±0.02   11.13±0.01   21.83±0.02   5.82±0.01   2.02±0.01   1.11±0.01   1.96±0.02   0.03±0.02
  Ti-PTL-HA             59.51±0.01   14.99±0.03   24.26±0.01   0.38±0.02   0.25±0.02   0.43±0.03   0.17±0.03   0
  Ti-PTL-HA-(ACS/COL)   65.75±0.01   3.89±0.01    28.66±0.03   0.94±0.01   0.36±0.02   0.21±0.01   0.19±0.01   0

**Abbreviations:** ACS, aspirin-loaded chitosan nanoparticles; COL, collagen; HA, sodium hyaluronate; PTL, phase-transited lysozyme; Ti, titanium; XPS, X-ray photoelectron spectroscopy.
